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ABSTRACT
We present results of the first ever three-dimensional (3D) magnetohydrodynamic (MHD) simula-
tions of the accretion-ejection structure. We investigate the 3D evolution of jets launched symmet-
rically from single stars but also jets from warped disks in binary systems. We have applied various
model setups and tested them by simulating a stable and bipolar symmetric 3D structure from a single
star-disk-jet system. Our reference simulation maintains a good axial symmetry and also a bipolar
symmetry for more than 600 rotations of the inner disk confirming the quality of our model setup. We
have then implemented a 3D gravitational potential (Roche potential) due by a companion star and
run a variety of simulations with different binary separations and mass ratios. These simulations show
typical 3D deviations from axial symmetry, such as jet inclination outside the Roche lobe or spiral
arms forming in the accretion disk. In order to find indication for precession effects, we have also
run an exemplary parameter setup, essentially governed by a small binary separation of only ' 200
inner disk radii. This simulation shows strong indication that we observe the onset of a jet precession
caused by the wobbling of the jet launching disk. We estimate the opening angle of the precession
cone defined by the lateral motion of the the jet axis of about 4 degree after about 5000 dynamical
time steps.
Subject headings: accretion, accretion disks – MHD – ISM: jets and outflows – stars: pre-main
sequence – galaxies: jets – galaxies: active
1. INTRODUCTION
Jets are powerful signatures of astrophysical activity
and are observed over a wide range of luminosity and
spatial scale. Typical jet sources are young stellar objects
(YSO), micro-quasars, and active galactic nuclei (AGN),
while there is indication of jet motion also for a few pul-
sars, and for gamma-ray bursts (Fanaroff & Riley 1974;
Abell & Margon 1979; Mundt & Fried 1983; Mirabel &
Rodr´ıguez 1994; Rhoads 1997).
Observations of jets from YSOs have revealed that the
mass-loss carried by the jet is proportional to the disk
accretion rate, suggesting a direct physical link between
accretion and ejection (Cabrit et al. 1990; Hartigan et al.
1995; Edwards et al. 2006; Cabrit 2007). Observational
data also show the signatures of the magnetic field in the
regions where jets are formed (Ray et al. 1997; Carrasco-
Gonza´lez et al. 2013), as well as a considerable magneti-
zation of the jet-launching object (see e.g. Bouvier 1990;
Modjaz et al. 2005).
It is now commonly accepted that magneto hydrody-
namic (MHD) processes are essential for the launching,
acceleration and collimation of the outflows and jets from
accretion disks (Blandford & Payne 1982; Pudritz & Nor-
man 1983; Ferreira 1997; Pudritz et al. 2007; Hawley
et al. 2015). With ”launching” we denote the actual
transition from accretion to ejection, while ”formation”
denotes the acceleration and collimation of a disk wind
into a jet beam.
Most early MHD simulations did concentrate on the
jet formation problem. In this case the disk evolution
is not considered in the numerical treatment and the jet
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is formed from a slow disk wind injected from the disk
surface (Ustyugova et al. 1995; Ouyed & Pudritz 1997).
This approach is numerically less expensive and allows
for a range of parameter studies. Furthermore, a num-
ber of physical processes could be included in the treat-
ment and studied concerning their impact on jet acceler-
ation and collimation. Examples are the role of radiative
forces (Vaidya et al. 2011), magnetic diffusivity (Fendt
& Cˇemeljic´ 2002; Cˇemeljic´ & Fendt 2004) and relativity
(Meliani & Keppens 2009; Porth & Fendt 2010; Porth
et al. 2011). Further studies considered the radiative sig-
natures of collimating MHD jets, for example radiation
maps for the forbidden emission lines (Tes¸ileanu et al.
2014) or polarized synchrotron radiation transfer (Porth
et al. 2011) in case of relativistic jets. Also the impact of
the disk magnetic field distribution and strength (Fendt
2006; Pudritz et al. 2006; Fendt 2011), a magnetic jet
confinement (Clarke et al. 1986), has been studied, as
well as 3D effects on jet formation (Ouyed et al. 2003).
On larger scales, interest has been gained recently (again)
on the jet propagation and its feedback to the ISM or
IGM (see e.g. Gaibler et al. 2011; Cielo et al. 2014).
In order to understand what kind of disks launch jets
and what kind of disks do not, it is essential to include
the disk physics in the treatment. The first works on
this subject followed an analytical approach based on a
self-similar approach (Pudritz & Norman 1983; Uchida &
Shibata 1985; Wardle & Ko¨nigl 1993; Li 1995; Ferreira
1997). Today, numerical simulations of the accretion-
ejection process play an essential role for the understand-
ing of jet launching. However, we note that it was al-
ready 1985 when the first jet launching simulations were
published (Uchida & Shibata 1985; Shibata & Uchida
1986). The accretion process in magnetized disks has
been studied by numerical simulations first by Stone &
ar
X
iv
:1
51
0.
07
64
5v
1 
 [a
str
o-
ph
.H
E]
  2
6 O
ct 
20
15
2 Sheikhnezami & Fendt
Norman (1994). Further pioneering work was presented
by Kudoh et al. (1998) who were first in performing simu-
lations of jet launching from a diffusive MHD disk. Casse
& Keppens (2002, 2004) and Zanni et al. (2007) extended
such studies to considerably longer time scales and also
to larger spatial scales, enabling them to derive the cor-
responding mass fluxes in disk and jet.
Following this - meanwhile - standard approach, fur-
ther physical effects were investigated, such as the in-
fluence of the disk magnetization (Tzeferacos et al.
2009), the launching from viscous disks (Murphy et al.
2010), thermal effects (Tzeferacos et al. 2013), or even
the launching of outflows from a magnetic field, self-
generated by a mean-field disk dynamo (von Rekowski &
Brandenburg 2004; von Rekowski et al. 2003; Stepanovs
et al. 2014).
In all the launching simulations cited above, an ax-
isymmetric setup was applied. Concerning the launch-
ing and acceleration process alone, such a limitation is
probably sufficient. However, jets are not smooth but
structured and many of them show a deviation from
straight motion. Seemingly helical trajectories have been
observed, and typically an asymmetry between jet and
counter jet3. For jet and counter jet an S-shape or C-
shape large-scale alignment has been observed (see Fendt
& Zinnecker 1998).
Furthermore, we know that stars may form as bina-
ries (see section below). In close binary pairs the axial
symmetry of the jet source may be disturbed substan-
tially. Bipolar jets forming in a binary system may be
affected substantially by tidal forces and torques, that
might be visible as 3D effects in the jet structure and
jet propagation. Theoretical arguments suggest that as-
trophysical disks are warped whenever a misalignment
is present in the system, or when a flat disk becomes
unstable due to external forces(Ogilvie & Latter 2013).
External forces may generate density waves in the disk
and vertical bending waves (Romanova et al. 2013). Nat-
urally, in a binary system, we may think that the disk
around one of the stars is misaligned with respect to
the orbital plane and, thus, is also subject to disk warp-
ing (Papaloizou & Terquem 1995; Facchini et al. 2013).
Clearly, all these perturbations in the disk structure will
potentially affect the jet launching.
In order to study those non-axisymmetric structure in
jet-disk environments, 3D simulations of jet launching
are essential. Three-dimensional simulations have been
applied to study either the evolution of the disk (Ro-
manova et al. 2003; Flock et al. 2011; Lovelace & Ro-
manova 2013; Romanova et al. 2013; Walder et al. 2014),
or the jet (Ouyed et al. 2003; Romanova et al. 2009;
Mignone et al. 2010; Porth 2013; Cielo et al. 2014; Gaibler
et al. 2011). However, a 3D simulation of the accretion-
ejection structure has not yet been published4.
In our recent papers we investigated the axisymmetric
launching process of an outflow from a magnetically dif-
3 While in the literature the dominating part of the bipolar
outflow is usually called the “jet”, in our paper we will denote
with “jet” the outflow in positive z direction, and the outflow in
negative z direction with “counter jet”.
4 The work of Suzuki & Inutsuka (2014) investigates the global
3D structure of accretion disk threaded by a vertical magnetic field,
but the simulation box in θ-direction was too small to follow jet
launching.
fusive accretion disk (Sheikhnezami et al. 2012; Fendt &
Sheikhnezami 2013; Stepanovs & Fendt 2014), including
the evolution of a disk-dynamo that generates the jet-
launching magnetic field (Stepanovs et al. 2014). In the
present paper we extend the previous studies to three
dimensions. Our goals are,
1) to develop a proper model setup for jet launching
in 3D,
2) to study the stability and symmetry of the jet and
counter jet in the initial launching area, and
3) to investigate 3D effects of jets launched in a binary
system, such as jet inclination, disk warping, or
precession.
The paper is organized as follows; Section 2 sum-
marizes a few observations indicating 3D effects in jet
launching sources. Section 3 describes the model setup,
in particular the 3D initial and boundary conditions.
Section 4 introduces to the 3D gravitational potential
for the binary star-disk-jet system. Results of 3D sym-
metric test runs are presented in section 5. In section 6,
we present and discuss the 3D simulations of jet launched
from a binary system.
2. OBSERVATIONS OF JETS IN BINARY SYSTEMS
It is now well accepted that many stars form as bi-
nary or higher order multiple systems (McKee & Ostriker
2007). Confirmed binary systems that are sources of jets
are T Tau (Hirth et al. 1997; Ducheˆne et al. 2002; John-
ston et al. 2003) or RW Aur (Herbst et al. 1996; Bisikalo
et al. 2012). Another source is HK Tau, a binary system
younger than four million years (Jensen & Akeson 2014).
Both stars, HK Tau B and HK Tau A, have circum-stellar
disks that are misaligned with respect to the orbital plane
of the binary. Non-axisymmetric jet motion has been
recently observed in HK Tau (Jensen & Akeson 2014),
suggesting that one or both of the stellar disks may be
inclined to the orbital plane (Bate et al. 2000).
A further example is the spectroscopically identified
bipolar jet of the pre-main sequence binary KH 15D
Mundt et al. (2010) that seems to be launched from the
innermost part of the circum-binary disk, or may, alter-
natively, result from merging two outflows driven by the
individual stars, respectively. This system is now known
to be a young (∼ 3 Myr) eccentric binary system embed-
ded in a nearly edge-on circum-binary disk that is tilted,
warped, and is precessing with respect to the binary or-
bit (Johnson & Winn 2004; Chiang & Murray-Clay 2004;
Johnson et al. 2004; Winn et al. 2004). The existence of
a circum-binary disk in KH 15D is evident from dust set-
tling (Lawler et al. 2010). An exceptionally striking ex-
ample of a precessing jet from a X-ray binary is the clas-
sic source SS 433 (Margon et al. 1979; Monceau-Baroux
et al. 2015). Arguments have been raised that in these
systems it is the lack of axisymmetry that does not allow
to produce a jet beam that is stable over a substantial
propagation distance (Fendt & Zinnecker 1998).
Non-axisymmetric effects have also been found for an
extra-galactic jet source. Water maser observations of
NGC 4258 have detected a Keplerian rotation of the inner
accretion disk (Herrnstein et al. 1996; Wu et al. 2013).
Model fits of the disk kinematics clearly indicate disk
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warping on the scale of 8.6× 104 gravitational radii, cor-
responding to a size of the warped disk of about ∼ 0.04pc
surrounding a super massive black hole of ∼ 3.9×107M.
The inner radio is launched perpendicular to that disk
(Herrnstein et al. 1997), although on large spatial scales
three helical braids of jets can be disentangled spectro-
scopically (Cecil et al. 1992). The exact interpretation of
the large-scale kinematics is still unclear (Krause et al.
2007).
3. MODEL APPROACH
For our numerical simulations, we apply the MHD code
PLUTO version 4 (Mignone et al. 2007, 2012) solving the
conservative, time-dependent, resistive, inviscous MHD
equations, namely for the conservation of mass, momen-
tum, and energy,
∂ρ
∂t
+∇ · (ρ~v) = 0, (1)
∂(ρ~v)
∂t
+∇ ·
(
~vρ~v −
~B ~B
4pi
)
+∇
(
P +
B2
8pi
)
+ ρ∇Φ = 0,
(2)
∂e
∂t
+∇·
[(
e+ P +
B2
8pi
)
~v −
(
~v · ~B
) ~B
4pi
+ (η~j)×
~B
4pi
]
= −Λcool. (3)
Here, ρ is the mass density, ~v the velocity, P the ther-
mal gas pressure, ~B the magnetic field, and Φ the 3D
gravitational potential of the binary system (see section
4). The electric current density ~j is given by Ampe´re’s
law ~j = (∇ × ~B)/4pi. The magnetic diffusivity can be
most generally defined as a tensor η¯ (see our discussion
in Sheikhnezami et al. 2012). In this paper, for sim-
plicity we assume a scalar, isotropic magnetic diffusivity
ηij ≡ η(x, y, z). The evolution of the magnetic field is
described by the induction equation,
∂ ~B
∂t
−∇× (~v × ~B − η~j) = 0. (4)
The cooling term Λ in the energy equation can be
expressed in terms of Ohmic heating Λ = gΓ, with
Γ = (η~j) · ~j, and with g measuring the fraction of the
magnetic energy that is radiated away instead of being
dissipated locally. For simplicity, here we adopt again
g = 1. The gas pressure follows an equation of state
P = (γ − 1)u with the polytropic index γ and the inter-
nal energy density u. The total energy density is
e =
P
γ − 1 +
ρv2
2
+
B2
2
+ ρΦ. (5)
3.1. Numerical setup
Compared to the axisymmetric setup that has been
applied to most launching simulations so far, the case of
3D simulations is substantially more demanding. This
holds for the technical treatment of the numeric as well
as for the computational resources. Modifications have
to be made for the initial conditions and the boundary
conditions, in particular when considering an orbiting
Table 1
Characteristic parameters of our simulation runs. We list the
mass ratio of the secondary to primary q, the location of the
secondary with respect to the primary, i.e. the vertical separation
h from the disk mid-plane and the binary separation D along the
disk midplane, both resulting in an inclination between the
orbital plane and the disk plane α, the plasma beta at the inner
disk radius β, and the distance of the inner Lagrange point to the
primary Lp1 . All scales are given in code units. The magnetic
diffusivity is parametrized by a coefficient indicating the
magnitude of diffusivity and the spatial profile h2 or h3,
respectively. Simulation bcase2 applies an extremely small binary
separation in order to be able to trace tidal effects in short
simulation time scales.
Run η q h D β Lp1 [x, y, z]
Single star with jet launching disk
scase1 0.03 - - - 20 -
scase2 0.03 for z < 10 - - - 20 -
scase3 3h2VA - - - 20 -
scase4 0.03h3 - - - 20 -
scase5 0.03h2 - - - 20 -
scase6 0.03 for z < 5 - - - 20 -
Binary system with jet launching disk around primary
bcase1 0.03 for z < 10 2 60 300 20 (130,0,26)
bcase2 0.03 1 60 200 20 (100,0,30)
bcase3 0.01 2 60 300 20 (130,0,26)
bcase4 0.03 for z < 10 2 60 200 20 (130,0,26)
binary system, or angular momentum conservation with
in a rectangular grid.
The three-dimensional treatment of jet launching can
be approached by two steps of complexity. The first step
is to exploit the 3D-evolution of a jet launched from an
axisymmetric setup, in particular applying an axisym-
metric gravitational potential. The second step of com-
plexity is to apply a non-axisymmetric setup on a priori,
e.g. a non-axisymmetric gravitational potential of a bi-
nary system. In this paper, we will apply both model
setups, while we use step one primarily as a test case of
our 3D setup.
Figure 1 illustrates the general setup for the simula-
tions of a binary system. With Mp and Ms we denote
the mass of the primary and the secondary star. In our
notation, it is the primary star that is surrounded by a
jet-launching accretion disk.
The origin of the coordinate system is placed in the
center of the primary star. Both stars are orbiting the
center of mass located at rCM from the origin. The hor-
izontal and the vertical separation of two stars in that
coordinates are denoted by the parameters D and h, re-
spectively. The vertical separation implies an inclination
between the orbital plane and the disk plane with incli-
nation angle α = arctan(h/D).
The parameters of the various simulation runs are
shown in Table 1.
We apply Cartesian coordinates (x, y, z), and, contrary
to axisymmetric simulations, the z-axis is not a sym-
metry axis any more. Cartesian coordinates may cause
problems when treating rotating objects (see discussions
below), however, they avoid artificial effects that may im-
pose a symmetry of the system by boundary conditions
along the rotational axis (as for cylindrical or spheri-
cal coordinate systems). Spherical coordinates are well
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Figure 1. Sketch of our model setup. A binary system consist-
ing of a primary of mass Mp that is surrounded by an accretion
disk and a secondary of mass Ms orbits around the center of mass
(CM) located at rCM. An arbitrary mass element, m, located at r
is affected by the combined gravito-centrifugal force of the Roche
potential. The origin of the coordinates system is in the center
of the primary star. The secondary is located outside the compu-
tational domain with a separation D from the primary and offset
from the initial disk-primary plane (the x-y plane) by a distance
h, implying an inclination between the orbital plane and the disk
plane of an angle α = arctan(h/D).
suited for 3D disk simulations, as e.g. in Suzuki & Inut-
suka (2014), however, when investigating the 3D struc-
ture of a jet, a proper 3D treatment along the axis is
essential.
The computational domain spans a cuboid with the z
axis chosen along the direction of jet propagation. The
accretion disk mid-plane initially follows the xy-plane for
z = 0. The computational domain typically extends over
x ∈ [−120, 120], y ∈ [−120, 120] and z ∈ [−200, 200] in
units of the inner disk radius ri.
The numerical grid needs to be optimized in order to
allow the best resolution for the physically most inter-
esting parts of the computational domain. We apply a
uniform grid of 200 × 200 × 200 = 8 × 106 cells for the
very inner part of the domain, −5.0 < x, y, z < 5.0. For
the rest part of the domain, a stretched grid is applied.
A total number of 400 × 400 × 560 = 8.96 × 107 grid
cells are typically used for the whole computational do-
main, although, we have also applied different physical
sizes and grid resolutions for tests.
We apply the same units and normalization as in our
previous papers (Sheikhnezami et al. 2012). Distances
are expressed in units of the inner disk radius ri, while
pd,i and ρd,i are the disk pressure and density at this
radius, respectively5.
Velocities are normalized in units of the Keplerian ve-
locity vK,i at the inner disk radius. We adopt vK,i = 1
and ρd,i = 1 in code units. Time is measured in units
of ti = ri/vK,i, which can be related to the Keplerian or-
bital period, τK,i = 2piti. The magnetic field is measured
in units of Bi = Bz,i.
As usual we define the aspect ratio of the disk, , as
the ratio of the isothermal sound speed to the Keple-
rian speed, both evaluated at disk mid-plane,  ≡ cs/vK.
Pressure is given in units of pd,i = 
2ρd,iv
2
K,i. Here
5 The index ”i” refers to the value at the inner disk radius at
the equatorial plane at time t = 0
pd,i = 
2 and Bi = 
√
2/β with the plasma-parameter
β is the ratio of thermal to magnetic pressure evaluated
at the disk mid-plane6.
We apply the method of constrained transport (FCT)
for the magnetic field evolution conserving∇·B by defini-
tion. For the spatial integration we use a linear algorithm
with a second-order interpolation scheme, together with
the third-order RungeKutta scheme for the time evolu-
tion. Further, the HLL Riemann solver is chosen in our
simulation.
3.2. Initial state
We generalize the initial axisymmetric setup used in
our previous papers (Sheikhnezami et al. 2012; Fendt &
Sheikhnezami 2013) into three dimensions.
We prescribe an initially geometrically thin disk with
the thermal scale height H and  = H/r = 0.1. The ac-
cretion disk is in vertical equilibrium between the ther-
mal pressure and the gravity (Ferreira & Pelletier 1993;
Casse & Keppens 2002). A non-rotating corona is de-
fined in pressure equilibrium with the disk. The initial
disk density distribution is
ρd = ρd,i
(
2
52
[
ri
R
−
(
1− 5
2
2
)
ri
r
])3/2
, (6)
while for the initial disk pressure distribution we apply
Pd = Pd,i
(
ρd,i
ρd
)5/3
. (7)
Here, r =
√
x2 + y2 and R =
√
x2 + y2 + z2 denote
the cylindrical and the spherical radius, respectively. The
accretion disk is set into a slightly sub-Keplerian rotation
accounting for the radial gas pressure gradient and ad-
vection.
A deviation from Keplerian rotation can in principle
also be due to field Lorentz forces. Our initial field struc-
ture is not force-free, but since the plasma beta is rather
high we can neglect this effect. Simulations of this and
of our previous papers show that the disk-jet system will
anyway establish a new dynamic equilibrium. This is a
smooth process lasting about 100 inner disk rotations.
The onset of an outflow does change the disk structure
substantially, and the disk equilibrium will deviate from
the initial distribution.
The initial magnetic field distribution is prescribed by
the magnetic flux function ψ,
ψ(x, y, z) = 3/4Bz,ir
2
i (
r
ri
)3/4
m5/4
(m2 + (z/r)2)
5/8
, (8)
where the parameter m determines the magnetic field
bending (Zanni et al. 2007) and in our model setup is set
to the value, 0.4. Here the Bz,i indicates to the ver-
tical magnetic field at (r = ri, z = 0). Numerically,
the poloidal field components are implemented by using
the magnetic vector potential Aφ(x, y) = ψ/r. Initially
Bφ = 0.
We prescribe a non-rotating corona surrounding the
disk. This is in particular interesting in the case when
we apply a finite disk radius rmax, implying that the
6 In PLUTO the magnetic field is normalized considering 4pi = 1
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accretion disk is embedded in an initially non-rotating
corona. This strategy was used by other authors before
(Bardou et al. 2001). The advantage of this method is
that due to the vanishing rotation for large radii, no spe-
cific treatment is required at the outer grid boundary.
The disadvantage is that the mass reservoir for accretion
is limited by the finite disk mass. This may constrain
the running time of the simulation as soon as the disk
has lost a substantial fraction of its initial mass.
However, since it is essential to treat the accretion pro-
cess, properly, we cannot use a similar strategy for the
inner boundary and just neglect rotation, there. Instead,
a consistent rotational velocity must be assigned to the
matter at the inner boundary (see section A). The rota-
tional velocity profile of the accretion disk is given by
vφ(r) =
√
GM
r

0, for 0 < r < r0√
1− 52, for r0 < r < ri√
1− 2.52, for ri < r < rmax
0, for r > rmax
(9)
where ri denotes the inner disk radius and r0 the in-
ner radius of the ghost area corresponding to the inner
boundary condition. The radius rmax denotes the outer
disk radius.
Above and below the disk, we define a density and
pressure stratification that is in hydrostatic equilibrium
with the gravity of the primary, a so-called ”corona”,
ρc = ρa,i
( ri
R
)1/(γ−1)
, Pc = ρa,i
γ − 1
γ
GM
ri
( ri
R
)γ/(γ−1)
.
(10)
The parameter δ ≡ ρa,i/ρd,i quantifies the initial density
contrast between disk and corona. In this paper δ =
10−4.
We note that in case of a binary system, the effective
gravitational potential is given by the 3D Roche poten-
tial (see Section 4). In such case, the outer parts of an
initial corona as described above are not in hydrostatic
equilibrium anymore, as being affected by the gravity
of the companion star and by centrifugal forces due to
the orbital motion. However, we find that we can safely
neglect the 3D potential for the initial condition. The
initial corona will be swept out of the grid rather quickly
and the new dynamical equilibrium for disk and outflow
is governed by the 3D Roche potential.
3.3. Boundary conditions
The inner boundary plays an essential role for the evo-
lution of the system. In practice, it “hides” the gravita-
tional singularity, and absorbs the material that is deliv-
ered by the accretion disk. We make use of the internal
boundary option of PLUTO, that allows to prescribe a
structure of ghost cells within the active domain, that
are updated by user defined boundary values - in our
case these boundary values allow to absorb disk mate-
rial and angular momentum and ensure an axisymmetric
rotation pattern in the innermost disk area.
In the following, we denote the internal boundary by
the term sink. The sink geometry is a cylinder of unity
radius ri = 1.0 and height hs. Typically, hs = 0.8,
and is resolved by 16 grid cells in height. A sufficient
grid resolution is required in order to resolve the cylin-
der by the Cartesian grid and to suppress effectively az-
imuthal asymmetries that could be induced by the rect-
angular grid cells. We apply an equidistant resolution of
(∆x = 0.05,∆y = 0.05,∆z = 0.05) for the inner region
of the grid, −5.0 < (x, y, z) < 5.0, while for the rest of
the domain a stretched grid is applied. Thus, the cir-
cumference of the sink cylinder is resolved with about
125 grid elements.
One of the essential tasks for the model setup is to con-
sistently prescribe a boundary condition for the velocity
components for the inner disk boundary. Since we are us-
ing a Cartesian grid, both the accretion velocity and the
rotational velocity are interrelated with the vx and vy ve-
locity components, and not easy to disentangle - adding
numerical complexity when defining the boundary con-
ditions. We have therefore developed a set of boundary
conditions that allow for an axisymmetric evolution of
the inner region.
In Appendix A we will discuss these boundary condi-
tions in detail.
3.4. Magnetic diffusivity
Considering resistive MHD is essential for jet launch-
ing simulations. Firstly, accretion of disk material across
a large-scale magnetic field threading the disk plane per-
pendicular is only possible if that matter can diffuse
across the field. For a sufficiently long time evolution
of the simulation, an equilibrium state will be reached
between inward advection of magnetic flux along the
disk and outward diffusion (see e.g. Sheikhnezami et al.
2012). Secondly, jet launching is a consequence from a
re-distribution of matter across the magnetic field, and
is therefore essentially influenced by magnetic diffusivity.
In our previous works, we have presented a de-
tailed investigation about how the dynamics of the
accretion-ejection structure - such as the correspond-
ing mass fluxes, jet rotation, or propagation speed - de-
pends on the magnetic diffusivity profile and magnitude
(Sheikhnezami et al. 2012; Fendt & Sheikhnezami 2013).
In this paper we apply a magnetic diffusivity η(r, z) ∝
hi(r, z) constant in time with thefollowing vertical pro-
files hi(r, z). Two different Gaussian profiles are applied,
h2(r, z) = exp
(
−2 z
2
H2
)(
1 +
0.1
exp(1− r)
)
h3(r, z) = exp
(
−2 z
2
H2
)
. (11)
with the disk thermal scale height H. However, we found
that such diffusivity profiles may lead to instabilities in
the 3D evolution of the system.
The most stable and smooth evolution of the accretion-
ejection structure we observed when applying a constant
background diffusivity (as e.g. applied by von Rekowski
et al. 2003). Thus, for our reference run, a background
value for the magnetic diffusivity was specified inside the
disk and for the nearby disk corona,
h1(r, z) = η0 z < 10, (12)
while for the rest of the grid ideal MHD was assumed.
4. A 3D GRAVITATIONAL POTENTIAL
In this section, we discuss the 3D non-axisymmetric
gravitational potential that we apply in our simulations
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Figure 2. Equipotential surfaces of the 3D Roche potential for
the binary-disk-jet system. Shown are the contours of the effective
gravitational potential for a mass ratio of q = Ms/Mp = 2. The bi-
nary separation is about 100 times the inner disk radius (equivalent
to 10 AU for our scaling of protostellar jets). The accretion disk
located around the primary and the bipolar jets that are formed
are indicated.
of jet launching on binary system. For the purpose of
this paper, we assume that both stars (respectively cen-
tral objects) are sufficiently close, so that a 3D non-
axisymmetric potential must be considered for the jet
source. On the other hand, so far, we have neglected fur-
ther details such as time evolution of the 3D geometry of
the potential due to orbital motion or a mass exchange
between the stars.
The effective gravitational potential for a binary sys-
tem is given by the Roche potential,
Φ =−GMp|~r| −
GMs
|~r − ~rs| −
1
2
Ω2|~r − ~rCM|2, (13)
Ω =
√
G(Mp +Ms)
|D + h|3
where rp, rs and rCM denote the positions of the pri-
mary, the secondary and the center of mass of the bi-
nary, respectively. The stellar masses are denoted by Mp
(primary) and Ms (secondary), while Ω is the orbital an-
gular velocity of the system. The last term representing
the centrifugal potential arises since the reference frame
of our simulations is not an inertial frame.
Figure 2 indicates how the stars, the disk, and the jets
are embedded in the Roche potential and the computa-
tional domain. The figures shows true equipotential sur-
faces of the effective gravitational potential for a binary
system with the mass ratio of q = 2. In particular, the
inner Roche lobe is shown with the inner Lagrange point
L1 marked. We have further indicated the flux surfaces
of a collimating jet and counter jet launched from the pri-
mary. The jet material ejected first feels the gravity of
the primary star only before it becomes influenced grav-
itationally by the secondary star along its path. The jet
superceeds the escape speed of the primary star shortly
after launching and is already super Alfve´nic when leav-
ing the Roche lobe of the primary star. When it becomes
affected by the secondary star, non-axisymmetric effects
on the jet structure can be expected.
Since our simulations are performed in code units, we
are in principle able to scale our model results to differ-
ent sources that may launch jets, applying proper length
scales or magnetic field strengths. We show typical pa-
rameters of binary sources in a brief observational sum-
mary in Table B1. In order to estimate the influence
by a companion for the accretion-ejection evolution, it is
useful to compare the various physical time scales in the
binary star-disk-jet system, such as the orbital period of
the system, the time scales for precession of warping in-
stabilities, and the dynamical time scales of the outflow.
The orbital period of the stars is
Torbit = 2pi
√
(|D + h|)3
G(Mp +Ms)
(14)
= 60 (1 + k)
−1/2
(
(|D + h|)
15AU
)3/2(
Mp
M
)−1/2
yrs,
where q = Ms/Mp denotes the secondary-to-primary
mass ratio and |D + h| is the separation between the
two stars.
The dynamical time step in the simulations is given
by the length unit (inner disk radius ri) and the orbital
velocity at the inner disk radius vKep,
Tin =
ri
vKep
= ri
(
GMp
ri
)−1/2
(15)
= 1.8
( ri
0.1AU
)3/2(Mp
M
)−1/2
days (YSO)
= 0.5
(
ri
10RS
)3/2(
Mp
108M
)
days (AGN).
Here, we assume typical parameters for young stars
(YSO) and active galactic nuclei (AGN). For YSO the
inner disk radius is ri ' 0.1AU while for AGN ri ' 10RS
(where RS is the black hole Schwarzschild radius).
The typical running time of our simulations is 3000-
5500 dynamical times, corresponding to 15-30 years in
case of YSOs and 5-10 years in case of AGN.
Other essential time scales are those for disk wobbling
and disk precession in a binary system for which disk is
misaligned with the orbital plane of the binary. It has
been argued that the period of outer disk plane to wob-
ble is half of the orbital period of the binary, Torbit/2
(Katz et al. 1982; Bate et al. 2000). Furthermore, Bate
et al. (2000) have shown that tidal forces will cause a
precession of the disk axis with a period of the order
TP ' 20Torbit. In addition, these authors estimated that
the characteristic time-scale disk realignment along the
orbital plane owing to dissipation is of the order of the
viscous evolution time-scale, i.e. the order of 100 preces-
sion periods.
For the purpose of this paper we do not consider the
motion of the binary along its orbit for the effective gravi-
tational potential, and assume it as constant in time. De-
pending on the simulation time scales, this assumption
is reasonable, as long as the binary separation is suffi-
ciently large. The typical separation in our simulations
is chosen as to 300Ri, corresponding to about 30 AU. On
the other hand, for large values of binary separation the
corresponding time scale for precession would be so long
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that signatures of disk precession would not be expected
during typical simulation time scales.
The distance of L1 from the less massive star
7, L1, are
approximately given by the fitting formula by Plavec &
Kratochvil
L1 = D(0.5 + 0.227 log q)
while towards the more massive star the distance of L1 is
D(0.5−0.227 log q) (see e.g. Frank et al. 1992; Campbell
1997). If L1 is located close to the accretion disk that we
initially prescribe, or even inside the disk, some of disk
material will be transferred outwards (from the compu-
tational domain) towards the secondary. The size of the
accretion disk will then be determined by the size of the
Roche lobe. Also, the stability of the initial Keplerian
disk will be affected by the Roche potential.
For the purpose of this paper, we have chosen different
stellar mass ratios and binary separations. For a wide
binary separation, the L1 is located outside the compu-
tational box and allows for a long-term evolution sim-
ulation, just because the disk mass can be maintained
for longer time. However, in order to be able to trace
the tidal effects that would otherwise happen only on a
much larger time scales, we will also present one sim-
ulation with a small separation between the stars (see
section 6.2).
In the following we will present our simulation results
by snapshots observed in the reference frame of the pri-
mary. In order to visualize our results as sky maps - as
they would be seen by a terrestrial observer - one would
need to project simulation the data onto the plane of the
sky, considering a time dependent coordinate transfor-
mation into the center of mass coordinate system, and
thereby considering the orbital motion of the jet launch-
ing primary. This is beyond the scope of the present
paper that is devoted purely to the 3D dynamics of jet
launching.
Here we summarize the essentials of our the model
setup.
(1) The origin of the coordinate system is centered at
the primary star that is surrounded by an accretion
disk forming bipolar jets. We test our model setup
with 3D simulations of jet launching from a single
star accretion disk.
(2) Our first focus is on studying the jet launching in
a binary system with a separation sufficiently wide
so that no mass transfer happens. In this case the
orbital time scale is larger than the time scale of
our simulation, and the center of mass is located
outside the simulation box in most cases.
(3) The jet launching area is located inside the inner
Roche lobe of the primary. Once the outflow is
formed, it propagates beyond the Roche lobe. The
outflow is then influenced by the 3D gravitational
potential, and the outflow propagation will deviate
from a straight, axial motion.
(4) In order to investigate the onset of disk precession
and subsequent jet precession, we also run a sim-
ulation with a small binary separation, such that
7 Note that we have defined the primary as the star hosting the
jet launching disk, and not as that star with the higher mass
the precession time scale is comparable to the sim-
ulation time scale.
Applying this model setup, we will present the first ever
results of 3D MHD simulations of bipolar jet launching
from magnetized accretion disk.
5. AXISYMMETRIC JET LAUNCHING IN 3D
We first discuss our reference run scase2 that allows
us to test our 3D model approach and in particular to
examine the symmetry and the stability of the setup.
The setup of the reference run considers the gravita-
tional potential of a single star, the disk surrounding that
star, and an initial coronal structure extending from the
disk surface into both hemispheres. We have performed
a series of parameter runs (see Table 1) in particular ap-
plying different magnetic diffusivity models.
5.1. Magnetic diffusivity and hemispheric symmetry
By investigating different prescriptions for the mag-
netic diffusivity profiles, we recognized that some of them
may directly affect the symmetry of the bipolar jet-disk
structure - in spite of the symmetric and well-tested inner
boundary condition. This is in contradiction to our re-
cent axisymmetric simulations (Sheikhnezami et al. 2012;
Fendt & Sheikhnezami 2013) for which the bipolar sym-
metry was well kept for several 1000 rotations for various
model setups. We have checked this carefully, without,
however, coming to a finite conclusion. We find that
by increasing the magnetic flux the asymmetric evolu-
tion begins earlier in time and also closer to the inter-
nal boundary. We conclude that the magnetic field may
play a significant role in amplifying an asymmetric per-
turbation. The magnetic diffusivity directly influences
the induction of toroidal electric currents and the re-
distribution of the magnetic field by Ampere’s law. Tiny
numerical differences caused by the rather low resolution
of the exponential profile of diffusivity may therefore be
responsible for introducing a slight offset in the magnetic
field structure in both hemispheres. The grid resolutions
in 3D is 20 grid cells per length unit, or 2 grid cells per
disk initial thermal scale height H.
Further disturbance of symmetry may arise from re-
connection events that may introduce a kind of stochas-
ticity (as reconnection cannot be resolved on our grid).
Reconnection in the diffusive disk may locally alter the
electric current distribution, and, as a consequence, also
the Lorentz force that is involved in launching the out-
flows.
In order to suppress any artificial jet asymmetry that
may be triggered by artifacts induced by the magnetic
diffusivity profile, we decided to apply the background
diffusivity approach h1. These runs apply a constant dif-
fusivity distribution across the disk - for scase1 we apply
a constant background diffusivity over the whole domain,
while for scase2 a constant diffusivity was defined for the
region |z| ≤ 10. As a result, for the two runs scase1
and scase2 the bipolar symmetry for jet and the counter
jet was very well kept for 600 rotations (4000 dynamical
time steps).
We choose simulation scase2 as reference for our 3D
simulations, since a magnetic diffusivity that is confined
to the the disk / jet launching area seems to be closer
to reality (of a stratified disk) and is better comparable
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Figure 3. Mass density in 3D. Shown is the cut of the mass den-
sity distribution in three dimensions for the reference run “scase2”,
at time 500. The stream lines of the magnetic field are displayed
in gray.
to literature papers that typically assume an exponential
diffusivity profile vertically.
5.2. General evolution of accretion-ejection in 3D
In the following we will discuss the evolution of our
reference run scase2. Before going into details, it is in-
teresting to see a fully 3D presentation of our simulation
result.
Figure 3 shows a rendering of the mass density distri-
bution in three dimensions for the reference run scase2
at time t = 500. To allow for a proper visualization of
the internal structure of the disk-jet, we have applied a
threshold density of 10−7, i.e. the surrounding corona
is invisible. The gray lines follow the magnetic field
lines. The 3D visualization in Fig. 3 displays the evolved
disk/jet system simultaneously. It shows that bipolar
jets that are symmetrically formed from the magnetized
disk. The disk (orange colors) is dense, the jets are di-
lute (green-blue colors) and have formed at this stage
(t = 500) from about half of the disk surface.
We further demonstrate the quality of our the model
setup, in particular the symmetry of the launching pro-
cess, by showing the time evolution of the mass density
in Figure 4 (from aside) and Figure 5 (from top). The
different panels in Figure 4 show the slices of the 3D den-
sity distribution, typically in the y = 0 plane containing
the rotation axis (in z-direction). The initial time step
with the hydrostatic corona is not shown. We run this
simulation for 4000 dynamical time steps until the disk
mass loss due to accretion and ejection has become sub-
stantial.
Naturally, we expect the small-scale structure to be dif-
ferent from axisymmetric simulations (Zanni et al. 2007;
Tzeferacos et al. 2009; Sheikhnezami et al. 2012), given
the somewhat lower numerical resolution and the treat-
ment of a third dimension. For example, we observe that
a layer of perturbed material appears at t ' 500 along
the inner part of the outflow. However, the overall large-
scale disk-outflow structure shows a well-kept right-left
(rotational) symmetry and also a good bipolar (hemi-
spheric) symmetry of the outflow for about 600 inner
disk rotations, in general approving the quality of our
model setup.
Since we treat a rotating system in Cartesian coordi-
nates, it is interesting to check in more detail the ro-
tational symmetry of the accretion-ejection structure.
In Figure 5, we show the evolution of the mass den-
sity in the equatorial plane for the dynamical time steps
t = 500, 1500, 2000, 3000. This slice traces the structure
of the accretion disk. We see that the mass density in-
deed maintains an axisymmetric distribution until late
evolutionary stages.
However, small-scale density fluctuations appear at in-
termediate radii at around t ' 1500. They arise at a
radius r = 40 and then extend to larger radii for later
times. At t = 3000 a ring of density fluctuations exist
extending from r = 30Ri to r = 60Ri. This ring is
not fully concentric anymore, but has adopted a slightly
rectangular shape, as the outer layers of the disk are af-
fected by the shape of the computational box. The am-
plitude of the fluctuations grows in time and may finally
reach values of up to 50%. These fluctuations are visi-
ble in different physical variables, such as mass density,
gas pressure, velocity. The nature of this feature is not
yet clear to us and definitely deserves a detailed inves-
tigation. However, since it is not closely connected to
the launching of the inner jet, we refer such a study to a
future paper. So far, we suggest that these fluctuations
may be caused by a magneto-rotational instability (MRI)
working in these outer parts of the accretion disk. Here,
the magnetic field is rather weak and the grid resolution
per disk height is sufficiently high in order to resolve the
Alfve´n wavelength, and thus the MRI. Furthermore, the
magnetic diffusivity is lower compared to the inner disk
radii.
5.3. Mass flux evolution of the reference run
In order to further test the symmetry and the compat-
ibility of our 3D model setup, it is useful to follow the
evolution of the mass flux distribution away from the
disk. To measure the mass flux, we adopt a rectangular
box of size defined by x, y = 10 and z = 3 around the
origin and integrate the mass fluxes ρvz and ρvr across
the corresponding surfaces.
Figure 6 shows the time evolution of the mass fluxes
measured for the reference run scase2. On the top, we
plot the evolution of the ejection rate into both hemi-
spheres, while on the bottom the evolution of the accre-
tion rate is shown. Comparing the ejection rates into
both hemispheres (Figure 6, top), we see that there are
basically the same (the difference is 5%).
The ejection rate is increasing by about 30% during
the evolution while the accretion rate saturates after 500
dynamical time steps. In code units, we find an accretion
rate of 0.06 and an ejection rate between 0.006 - 0.008.
This gives an ejection-accretion ration of about 0.1,
that is definitely lower than for the axisymmetric simu-
lations (Sheikhnezami et al. 2012).
It seems that the evolution of the vertical mass flux sat-
urates to a constant value at late stages of about 0.009.
We think that the most important reason why saturation
is not reached (will never be reached), is because the
underlying launching conditions slowly change in time.
This is a natural outcome of the small disk size applied
in our simulations, that limits the mass reservoir for ac-
cretion and ejection. This is a natural outcome of the
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Figure 4. Time evolution of reference run scase2 following an axisymmetric setup in 3D. Two dimensional slices of the mass density in
the x-z plane, at times t = 0, 500, 1750, 3000.
Figure 5. Time evolution of the disk in reference run scase2 following an axisymmetric setup in 3D. Two dimensional slices of the mass
density in the x-y plane (mid-plane), at times t = 0, 500, 1750, 3000. The arrows indicate to the velocity vector of the disk.
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Figure 6. Evolution of the mass fluxes in the accretion-ejection
system for the reference run scase2. Shown are the mass flux in
the outflows (left) into both hemispheres and the accretion rate
(right). The mass fluxes are integrated over a box of size x, y = 10
and z = 3.
small disk size applied in our simulations, that limits the
mass reservoir for accretion and ejection. Thus, in this
sense, reference run does not reach a steady state, but a
”quasi steady state”.
The rough numbers for the mass fluxes are, however,
comparable with those obtained in the axisymmetric
setup (Sheikhnezami et al. 2012), where we found ac-
cretion rates of 0.015 and ejection rates of 0.008 (in code
units) for the same control volume. Clearly, the exact
numbers depend on the further parameter choice such as
magnetic field strength or magnetic diffusivity. In com-
parison, the outflow mass flux in 3D is of the same order
as for the axisymmetric ejection while for the accretion
rate we obtain a higher value in 3D. This is due to the
fact that a different magnetic diffusivity profile is used
for the 2D and the 3D simulations, and also the grid res-
olution is different. In particular the lower resolution -
implying a somewhat higher numerical diffusivity - will
both increase the accretion rate, but also increase the
jet mass loading. In addition, for the 3D setup we have
applied a the lower magnetic field strength. As a conse-
quence, the mass flux ejected into the outflow is lower.
Overall, we find from the long term evolution of the
jets launched in our 3D setup that both disks and jets
evolve into a stable and symmetric structure, confirm-
ing the quality of our 3D model setup. Having approved
our model setup, allows us to continue and further inves-
tigate non-axisymmetric effects resulting from different
physical situations. In the next section, we perturb the
symmetry of the initial disk-jet structure by a companion
star in a binary system.
6. A BINARY SYSTEM - JET INCLINATION AND DISK
PRECESSION
In this section, we present results of simulations con-
sidering a 3D effective gravitational potential of a binary
system.
In this setup, the vertical separation of the secondary
from the initial disk mid-plane, parametrized by h, im-
plies that the accretion disk is misaligned with respect
to the orbital plane (see Figure 1).
The mass ratio and the binary separation are the most
significant parameters that determine the characteristics
of the binary system, such as the position of the Lagrange
points or the kinematic time scales of the system - the
larger the separation, the larger time scales are.
On the other hand, the numerical simulation is sub-
stantially constrained by (disk) mass reservoir available
for accretion and ejection. Since the disk continuously
loses its mass via the internal boundary and the outflow,
we can not run a simulation too long. This holds in par-
ticular for close binary systems since the disk size is then
limited by the Roche lobe. On the other hand, some 3D
tidal effects of the binary star-disk-jet evolution will be
visible only on comparatively long time scales.
In the following we first discuss simulations applying a
rather wide binary separation bcase1, before we present
results of an extreme parameter set bcase2 that clearly
exhibits tidal effects from the binary system.
6.1. Global outflow asymmetry beyond the Roche lobe
In this section, we discuss simulations based on a pa-
rameter choice that does not allow to observe tidal effects
on the dynamical evolution of the disk-jets system - just
because the time scales of those are much longer than
our setup allows.
Nevertheless, even for a binary system with a rather
wide binary separation, we may study 3D effects of jet
formation on various scales. The jet launching area is
located well within the inner Roche lobe, and the jet
is formed in axisymmetry. The situation changes when
the jet leaves the Roche lobe, since the jet propagation is
then affected by the gravity of the secondary. As a result,
the jet motion may deviate from the original direction of
propagation along the rotational axis of the primary and
the accretion disk.
This evolution can be seen in Figure 7 where we
show two-dimensional slices in the y-z plane of the
mass density for simulation run bcase1, for times t =
500, 2000, 3000, 4000. We observe a deviation from the
straight propagation along the initial rotational axis, in
particular after t = 4000.
In addition, we see that the accretion disk is not any-
more aligned with the initial disk mid-plane (the equato-
rial plane). Instead, it appears that the disk tends align
with the orbital plane. However, as mentioned already,
the characteristic time-scale for an alignment of the disk
with the orbital plane is of the order of 100 precession
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Figure 7. Binary star-disk evolution. Shown are the two dimensional slices of the mass density done for the binary star-disk-jet run,
bcase1. The slices show the mass density in y − z plane, for times 500, 2000, 3000, 4000.
Figure 8. Non-axisymmetric evolution of the launching area.
Shown is a slice of the mass density for simulation bcase1 con-
sidering a binary system in a plane parallel to the x-y plane, at
height z = 5 and for time 4000. The arrows indicate the velocity
vector (also measured at height z = 5).
periods (Bate et al. 2000). Therefore, the change in the
disk alignment may suggests that we observe the very
initial stages of disk precession (see below).
We further observe that the disk expands beyond the
initial outer radius of the disk. Concerning the global
disk structure, two further effects can be seen fluctua-
tions and a bump in the overall disk. The fluctuations
are observed as deviations from a smooth disk structure
and are seen in various disk variables such as mass den-
sity, pressure, magnetic field strength and velocity. They
form outside r = 30 and extend to larger radii. As dis-
cussed above, we think that these fluctuations are sig-
natures of the magneto-rotational instability in the disk
(Fromang et al. 2007; Flock et al. 2010; Lesur et al. 2013;
Uzdensky 2013). We will follow-up this idea in a future
work, however, it is interesting to note that we see a disk
wind driven also from these perturbed disk areas.
The bump is a large scale 3d asymmetry in the disk
structure and is predominantly seen in the mass density
and the mass flux profiles ((ρv)). Figure 8 shows a slice
of the mass density parallel to the x-y plane at z = 5 for
simulation bcase1 considering a binary system. In this
slice the bump is distinguishable as a high density area
(red color).
Other disk variables, such as pressure, velocity, or mag-
netic field do not exhibit this feature. The bump is built
up along the direction towards the companion star, but
then continues to build-up a high density ring structure
as the material is orbiting around the primary.
We interpret the formation of the bump as a first sig-
nature of disk warping.
6.2. Precession of jet nozzle and jet?
Above we have mentioned the limitations of our simu-
lations by the available mass reservoir for disk accretion
and jet ejection, and the time scales of the time evolution
of the binary system. Here, we discuss simulation bcase2
that nicely demonstrates the 3D effects of jet launching
that may be caused by tidal effects of a companion star.
In order to be able to observe 3D tidal effects in
our simulations, we have applied an extreme parame-
ter setup, essentially governed by a small binary sepa-
ration. Here, the separation between two stars is only√
2002 + 602 ri = 209 ri (or 21 AU for protostallar scal-
ing) and the mass ratio is unity, q = 1. Therefore,
possible tidal effects such as disk warping or jet pre-
cession are expected to happen much faster in this sys-
tem. Note that due to the smaller separation, the inner
Lagrange point L1 is now located inside the simulation
box and also inside the initial accretion disk, namely at
(x, y, z) = (100, 0, 30).
We will now discuss run bcase2 in detail and compare
it with our other simulation runs considering binary sys-
tems (see Table 1). Figure 9 shows the time evolution
of the mass density in a 3D rendering. In Figure 9 a
density threshold of 10−6 is applied for the rendering in
order to show the disk-jet evolution inside the surround-
ing corona.
We observe that, similar to the simulation discussed
before, in bcase1 a kind of inflation or flaring of the ac-
cretion disk takes place beyond the L1 point that is ini-
tiated at time scales t > 1000. This inflation is directed
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Figure 9. 3D evolution of disk-jet structure. Shown is the distribution of the mass density (color coding) and magnetic field lines (grey
lines) for simulation run bcase2 assuming a binary system with rather close separation. A density threshold about 10−6 is applied in order
to visualize the inner disk-jet structure. The slices of the 3D distribution are shown for the dynamical time steps t = 500, 5500.
towards the secondary and is seen in particular in the
upper hemisphere (that is closer to the companion star).
The Roche lobe overflow is seen in the radial velocity
profile of the disk with positive radial velocities close to
the inner Lagrange point L1 for simulation bcase2. We
also observe that the initial accretion disk dissolves be-
yond L1 and no disks exist beyond the Roche lobe for
late evolutionary times.
Furthermore, we observe a similar fluctuation pattern
as in simulation bcase1 and also a bump in disk mass
indicating localized accumulation of mass in the outer
disk.
The signature of the jet inclination is more distinct in
this case. This may be expected as the binary effects
are larger now due to the smaller binary separation. The
bipolar jets launched from the disk first follow a direc-
tion along the z-axis before they deviate from the initial
propagation direction.
The structure and the alignment of the accretion disk
changes. We recognize that the disk becomes more and
more misaligned of with respect to the initial mid-plane.
We believe that this effect indicates the onset of disk
precession, although we are not able to observe a full
precession cycle during the run time of our simulations.
As a consequence, also the jets become launched in a
different direction. This effect is in particular observable
in the upper hemisphere that is closer to secondary and
in which the material is stronger affected by the corre-
sponding forces of the binary system. Apart from the
intrinsic change of the jet launching direction, also jet
inclination happens - predominantly above z = 50, just
outside the Roche lobe of the primary in case bcase2.
The formation of a warped disk structure subsequently
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Figure 10. Accretion mass flux evolution for simulation run
bcase2. Shown is the evolution of the accretion rate measured at
radii x, y = 5, 10, 15, 20. and height z = 3H where H = H(x, y =
10), ..., H(x, y = 20) is the thermal scale height of the disk, at this
radius.
affects the launching process. Therefore, we expect to see
the footprints of the disk warps in the mass flux evolu-
tion, as well. In order to confirm this effect, we mea-
sure the accretion rate at 4 different radii of the disk,
x, y = 5, 10, 15, 20 (see Figure 10). We measure the ac-
cretion rate at each radius by integrating a rectangular
box with height of three thermal scale heights z = 3H
calculated at the outer box radius with H = H(x, y =
5), ...,H(x, y = 20).
We find the following results. The accretion process
is well established for small radii, x, y < 10, indicating
steady state accretion for t > 500. This is also the area
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from which the most energetic part of the jet is launched.
However, the accretion process has not yet established a
steady state for radii larger than x, y = 20 - even after
5000 dynamical time steps. The accretion rates measured
at radii x, y = 5, 10, 15 are about 0.02, 0.06, 0.07 (in code
units), respectively.
The accretion rate is decreasing for smaller radii. This
confirms that part of the accreting material is diverted
into the outflow before it reaches smaller radii. How-
ever, we should keep in mind that there is a time delay
caused by the finite advection velocity of material from
the outer to the inner disk radii. We should therefore be
cautious when comparing the exact values for accretion
and advection for different radii. For typical advection
velocities < 0.01 at radius 15 the advection time scales
from r = 15 to r = 5 is of about 1000 dynamical time
steps which seem to lead to a missing mass8 Nevertheless,
our general statement of the mass loss from accretion to
ejection is correct.
The sudden growth in mass flux at distinct times, seen
first at large radii and then also for smaller radii, we un-
derstand as triggered by the inflation and misalignment
of the disk due to the tidal effects of the companion star.
In addition, we measure the outflow mass flux, ρvz,
along the z axis. Figure 11 shows the evolution of the
outflow mass flux for the two hemispheres, integrated in
different control volumes as specified above. We see that
the respective outflow mass fluxes into the upper and
lower hemisphere are different and that this difference
grows in time.
The formation of the warp highly affects the ejection
rate from the upper hemisphere. We observe that a peak
appears in the outflow mass flux integration from the
upper hemisphere. Furthermore, this peak could be a
signature of the disk misalignment compared to the ini-
tial mid-plane of the disk.
Interestingly, the peak becomes larger and larger for
larger radii. We may estimate the time scale for initiat-
ing the warp in the disk. In our run bcase2, we recognize
that the warp starts building up around t = 1000. Com-
paring this value with run bcase1 with the larger binary
separation, we find that the warp builds up later, around
t = 2000.
Figure 12 displays 2D slices of the mass density in the
x− y plane for the case bcase2 at different times. Com-
paring Figure 12 for the simulation applying the 3D grav-
itational potential to Figure 5 for the axisymmetric 3D
setup (the test case), we observe the following differences.
(1) After dynamical time 1000, we observe that the
axial symmetry is broken. The asymmetric pattern
is growing and finally leads to a structure that looks
like spiral arms.
(2) Contrary to the simulation with the axisymmetric
setup, we do not observe the rectangular pattern
in the outer disk structure at the late evolutionary
stages. Now, the circular distribution of the mass
density turns into a pattern that has an elliptical
shape.
8 Subtracting the ejection rate 2 × 0.01 integrated till r = 15
(see Figure 11) from the accretion rate 0.06 (see Figure 10) gives
a value 0.04, larger than the accretion rate at r = 5 of 0.02.
(3) While for the test run, the area where we observe
fluctuations in the disk structure was confined to
the region 40 < r < 60, for the case with the very
small binary separation, we see that the area of
perturbations further extends to smaller disk radii.
The degree of the perturbations is somewhat larger.
We have discussed above three 3D effects that we ob-
served in simulation bcase2 considering a binary star-
disk-jet system with a small separation. That are (i) the
jet inclination outside the Roche, (ii) the disk warping,
and (iii) the indication of disk precession. A further 3D
feature is (iv) a spiral arm that develops in both the jet
and the counter jet. We observe that for jet (positive z)
the material of the spiral arm is somewhat denser. This
is in principle understandable. Due to our initial setup
with the secondary being located above the mid-plane,
the jet is more exposed to the gravity and torques gen-
erated by that star, and is, thus, more responding to 3D
effects.
Another effect we may expect is jet precession due to
the precession of the jet launching disk. In order to find
any signature of disk/jet precession, we have run simu-
lation bcase2 for about 900 inner disk rotations - despite
the mass loss of the disk involved.
Figure 13 shows x-y slices of the jet velocity taken at
z = 140 (top) and z = −140 (bottom) for the time steps
t = 300, 2500, 5500. The x and y axes are indicated by
the white lines. Thus the initial outflow axis is located at
the origin of the x-y plane. Since jet precession should be
resolved easier for large distances along the jet, we focus
on the evolution of the jet velocity at large height, z =
140. When the system evolves in time, the jet axis (the
blue colored region) moves away from the initial jet axis.
At time 5000, the offset is about 10Ri corresponding
to a ' 4.0 degree opening angle of the precession axis.
Essentially, is the jet axis moves along an arc of 4 degrees
length in the x − y plane. We argue that due to this
2D motion, the offset of the jet axis cannot just be a
projection effect of the jet axis affected by inclination.
Instead, it suggests the initiation of the precession of the
jet axis across the x− y plane. In the mass distribution
across the asymptotic jets (not shown), we also find a
deviation from axial symmetry. Considering also the fact
that also the disk alignment has changed with respect to
the initial disk mid-plane, we interpret the offset of the
jet axis as strong indication for the onset of jet precession
- caused by the precession of the jet launching disk.
We may estimate the time scale of jet precession. For
the setup with small binary separation bcase2, to reach
about 4 degree opening angle, we run the simulation for
5000 dynamical, corresponding 24 years. However, theo-
retical estimates (see above) suggest for the full preces-
sion of the jet about 20 orbital time scales corresponding
to 1400 years in our case. Thus, much longer simulations
are required to fully disentangle jet or disk precession
effects. With our specific parameter setup, we might,
however, have detected initial signatures of disk/jet pre-
cession in our non-axisymmetric 3D model setup.
Concerning the bipolar symmetry, the jet velocity
maps show that the counter jet is more collimated than
the jet. The counter jet maintains the axial symmetry
rather well, while the jet is deviating from the axisym-
metric structure evolving into cross section of rather el-
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Figure 11. Asymmetric outflow mass flux evolution. Shown are the evolution of the ejected mass flux for jet (upper hemisphere, red) and
counter jet (lower hemisphere, black) for simulation bcase2. The number values were integrated for different control volumes extending to
x, y = 10, 15, 20, 50 and z = 3H where H = H(x, y = 10), ..., H(x, y = 50) is the thermal scale height of the disk the corresponding outer
radius, respectively.
liptical shape. More over, the counter jet does not ex-
hibit a remarkable offset between the rotation axis and
the grid center. As mentioned in the previous section
when we discussed the jet inclination outside the Roche
lobe, this hints on weaker tidal affects on the counter
jet, while the jet itself is more disturbed by the gravity
of the secondary. This is an effect on top of the disk /
jet precession.
7. CONCLUSIONS
We have presented results of numerical simulations
studying the three-dimensional jet launching from a dif-
fusive accretion disk threaded by a large scale magnetic
field. We have hereby extended our previous axisymmet-
ric model setup to fully 3D. Essential modifications had
to be made concerning the inner boundary conditions
that have to work as an internal accretion boundary (a
”cylindrical sink” for mass and angular momentum), and
also the outer disk rotation close to the outer boundary
of the rectangular computational grid. In order to es-
tablish a proper rotation of the inner jet launching disk
we have prescribed a sub-Keplerian rotation along the
ghost cells within the internal boundary. Further, a non-
rotating corona is surrounding a disk of finite radius. We
have obtained the following results.
(1) Our reference run scase2, considering a single star
(thus an axisymmetric gravitational potential), was run
for about 600 rotations (about 4000 dynamical time
steps) at the inner disk radius. We find bipolar jets that
are launched from the inner part of the disk and are ac-
celerated to super Alfven´ic and super fast speed. The
overall large-scale outflow structure shows a well-kept
right-left (rotational) symmetry and also a good bipolar
(hemispheric) symmetry of the outflow, approving the
quality of our 3D model setup. Due to the different pre-
scription for the magnetic diffusivity and also a higher
numerical diffusivity (given the lower resolution in 3D),
we obtain higher accretion rates. The rough number of
the mass fluxes are, however, comparable with those ob-
tained in the axisymmetric setup (Sheikhnezami et al.
2012). The accretion-ejection mass flux ratio is some-
what higher than for the 2D simulations. Clearly, the
exact numbers depend on the further parameter choice
such as magnetic field strength and magnetic diffusivity.
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Figure 12. Non-axisymmetric evolution of the disk. Shown are the two dimensional slices done for the mass density distribution, in the
x− y plane for bcase2 at different dynamical times. The arrows indicate to the velocity vectors of the disk.
Figure 13. Indication of jet precession. Shown is the cross section of the projected velocity (color-coded) in the x-y plane at z = 140
(top, jet) and at z = −140 (bottom, counter jet) for the simulation bcase2 at different times. The white lines indicate the grid center, thus
the initial disk/jet rotational axis. The arrows indicate the velocity vector field.
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(2) As a next step, we have implemented the gravita-
tional potential of a binary system in our 3D reference
model and have run simulations with a variety of pa-
rameter choices. In this setup, we were able to observe
disk warping and consecutive jet inclination and the ini-
tial signatures of disk and jet precession. Since preces-
sion effects typically establish on longer time scales than
we can run our simulations, we have setup simulation
bcase2 that applies a smaller binary separation of 200Ri
together with an initial orbital inclination in order to am-
plify the tidal effects. Due to the limited disk mass (the
inner Lagrange L1 point is located in the computational
domain for run bcase2) the running time of the simula-
tion was limited to 900 inner disk rotations (equivalent to
5000 dynamical time steps). Nevertheless, we were able
to disentangle several non-axisymmetric tidal effects that
are expected from a 3D model setup considering a binary
system.
(3) The structure of the accretion disk is affected
strongly by the tidal forces in the binary system. The
part of the disk close to the inner Lagrange point L1
slowly expands beyond the Lagrange point. This can be
understood as initialization of a Roche lobe overflow, a
feature that is well established in simulation bcase2 with
a small binary separation in particular. Moreover, the
alignment of the accretion disk with respect to the ini-
tial mid-plane changes. The combination of these effects
build up a ”bump” in the disk region that is closer to the
companion star. The formation of the bump is the first
signature of disk warping. In fact the bump that forms
will later be part of the disk warp.
(4) The time evolution of the mass fluxes calculated
for different radii shows that the warp first forms at the
outer disk and then moves inwards. The warps appear as
sudden peaks in the accretion rate, visible consecutively
at different radii - first at large radii and with some time
lag also at smaller radii. In our simulation bcase2 with
a small binary separation, we recognize that the disk
warp builds up after about ' 160 inner disk rotations
(corresponding to about 5 years for protostars). For the
simulations with larger binary separation bcase1 (and
thus larger orbital periods), the tidal effects are weaker
and a warp is formed later, only at about 1200 dynamical
time steps (' 190 inner disk rotations).
(5) A further non-axisymmetric effect is jet inclination
- the deflection of the jet motion from the initially axial
motion along the z-axis. Jet inclination results from the
global force balance affecting the jet material when it
has left the Roche lobe of the primary. Consequently,
in the case when the secondary is located in the upper
hemisphere, stronger jet inclination is seen for the jet
propagating into this hemisphere.
(6) The structure and the alignment of the accretion
disk changes. The disk becomes increasingly more mis-
aligned with respect to the initial disk mid-plane and
tends to align with the orbital plane of the binary. Con-
sidering the jet velocity far away from the launching area,
we find that the jet rotation axis moves along an arc of
4 degree in the x − y plane. This holds as well for the
jet density. The effect appears only if the disk initial
mid-plane and the orbital plane are misaligned. Alto-
gether we interpret these effects as strong indication for
the onset of disk precession. Due to the high computa-
tional costs, we were are not yet able to observe a full
precession cycle during the run time of our simulations.
(7) The most intriguing non-axisymmetric effect we
observe in our simulations is the onset of jet precession
as a consequence of the disk precession. Precession es-
tablishes on much larger time scales than we can run
our simulations - on orbital time scales, some 100 times
longer than our simulation runs. However, for our model
setup of a close binary bcase2 we find clear indication
of jet precession in its initial stages. Considering slices
of the jet velocity across the jet and counter jet, we ob-
serve that the jet rotation axis moves away from its initial
alignment along the vertical axis. If our interpretation
of an initial disk and jet precession is correct, we may
thus quantify the precession cone of the jet axis by an
opening angle of about 4 degree - measured after 5000
dynamical times (corresponding to 24 years for YSOs,
or 7 years for AGNs). In order to follow jet precession
fully, a much longer simulation would be necessary. This
is currently impossible due to the limited mass reservoir
of the accretions disk.
In summary, we have shown the non-axisymmetric evo-
lution of the disk-jet launching process applying magneto
hydrodynamic simulations. In particular, by considering
jet launching in the Roche potential of a binary system
we have demonstrated a number of non-axisymmetric ef-
fects in the disk-jet system evolution, in particular disk
warping and jet inclination. Simulations treating a jet-
launching disk misaligned with the binary orbital plane
were able to trace the onset of disk precession - instantly
also resulting in a jet precession. Our simulations nu-
merically confirm that tidal forces is significant for gen-
erating jets that are inclined or precessing, and accretion
disks that are warping.
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APPENDIX
A. SPECIFIC BOUNDARY CONDITIONS
It is essential for the simulations to define a smooth and axisymmetric boundary condition along the “radial”
boundary of the sink. There are two major points to be considered. That is, firstly, the possibility that the axisymmetric
evolution of the inner disk and jet may be artificially disturbed by the rectangular grid. Secondly, we cannot simply
imply the standard PLUTO outflow condition that copies the grid-internal values onto the ghost cells of the internal
boundary (the sink). There is just no clear way how the grid-internal values can be copied consistently, as certain
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Figure A1. (Left) The area of the inner disk boundary. The boundary is defined as an internal boundary condition, with ghost zones
between the inner disk boundary (outer ring) at radius r = 1 and the ghost area (limited by the inner ring). The boundary conditions
are defined on grid cells between this rings (actually cylinders of height 0.8). The difficulty to copy boundary values in radial direction
consistently from cells outside the ring to cells inside the ring is clearly visible. The velocity vectors indicate the difficulty to disentangle
accretion velocity from orbital motion. (Right) Sketch of the way we copy the densities and pressure and vertical velocity vz . The copying
is done diagonally from the active domain to the ghost cells.
ghost cell would receive a copy from different grid-internal cells. This difficulty is most essential for the velocity vector
describing rotation and accretion.
As mentioned above, for the inner boundary we make use of the internal boundary option of PLUTO. We prescribe
rectangular structure of ghost cells within the active domain and apply user defined boundary values that allow to
absorb disk material and angular momentum that is advected to the inner disk radius and that ensure an axisymmetric
rotation pattern in the innermost disk area (see Figure A1, left).
The boundary condition at the top and the bottom of the sink prescribes the initial value for the gas pressure and
a density of 115% the initial local density, in order to avoid the evacuation of the region close to the rotation axis.
Effectively, this boundary condition replenishes some mass into the domain and therefore avoids low densities close to
the rotation axis. For the velocity, we assign an injection into the domain of low velocity above and below the sink,
vz = ±0.01. As a consequence, matter is injected close to the rotational axis with a small background velocity avoiding
infall of matter into the sink. The injected low density material accumulates to a the mass flux out of the sink about
1000 times less than main jet launched by the disk.
Inner boundary
Adjacent to the inner radius ri of the disk, i.e the cylindrical sink, we adopt a cylindrical shell of four ghost cells
thickness.
These ghost cells are used to absorb mass flux and angular momentum from the accreting material. In order to
do so, at each angular position along the shell, four diagonal cells are used to copy certain hydrodynamical variables
from the active domain into the ghost cell. In particular, we copy the values for density, gas pressure and the vertical
velocity vz, from outside the boundary into the ghost cells. The copying is done in radial direction, from the cell
(i± 1, j ± 1) into the ghost cell (i, j), and similarly for ghost cells further in (see Figure A1, right).
For the other velocity components, vx and vy, such a procedure of copying or extrapolating internal values onto the
ghost cells is not feasible, as the angular momentum conservation is easily violated. Figure A1 (left) visualizes these
difficulties. The figure shows a x-y slice of the grid in the mid-plane of the domain and the corresponding vectors of
the rotational velocity along the boundary.
In practice, in Cartesian coordinates the toroidal velocity component is described by the x and y components of the
velocity vector, vφ = −sinφvx + cosφvy, where φ indicates to the velocity direction in the x-y plane, φ = arctan vy/vx.
The difficulty is that these velocity components at the same time also describe a radial motion (advection, disk
accretion) that could not easily be disentangled from orbital motion. We therefore decided to develop another approach,
by that we essentially prescribe a disk rotation within the ghost cells along the internal boundary. The orbital motion
in the ghost cells is chosen to be slightly lower than the velocity of the disk. This corresponds to a rotation with lower
angular momentum and therefore allows to absorb the material that has been advected by the disk (see Equation 9).
Concerning the boundary conditions for the magnetic field, we have first tried to extend our 2D setup to 3D also
for magnetic field boundary condition along the inner boundary (i.e. specific prescription for the advection of vertical
magnetic flux and electric current conservation across the sink boundary, see Sheikhnezami et al. 2011). We found,
however, that such an approach would introduce a unreasonable amount of ~B if we apply a similar copying procedure
as for the velocity. We have therefore decided to follow a different approach. That is that we evolve the magnetic field
in the ghost cells of the internal boundary as in the active domain. The code treats the internal ghost cells like active
cells. However, we do not overwrite the magnetic field vectors with a boundary value, as we do for the velocity. This
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is insofar a kinematic approach for the magnetic field boundary condition. Since we do not evolve the hydrodynamic
state within the internal boundary in time, the hydrodynamic evolution is decoupled from the field evolution.
The sink / internal boundary still allows for the conservation of magnetic flux and electric current considering con-
strained transport, but has no other hydrodynamic influence than acting as a sink of matter and (angular) momentum.
Outer boundary
A similar problem concerning the rotational velocity occurs at the outer boundary of the (rectangular) grid. Along
the same side of the boundary, the orbiting disk material is supposed to flow out across one part of the boundary and
then to flow in again across another part of the boundary (considering either the x- or the y-component of the velocity
vector, see Figure A1, left).
This problem is well known and has been discussed by other authors who studied the 3D structure of the outflow
formation (Ouyed et al. 2003; Porth 2013). These authors discuss the problem of the dual boundary conditions for the
velocity components, i.e. inflow / outflow, in a Cartesian grid, and finally apply the condition of vanishing toroidal
velocity in the outermost and in the innermost grid area, thereby implementing a finite disk size.
This strategy works well for us for the outer boundary 9, where we initially prescribe a static disk structure (see
Equation 9). However, we note that as time evolves, the disk rotation spreads out also to larger radii, and some disk
mass will be lost on the long time scales.
For the outer boundaries of the computational domain, standard outflow conditions are applied as prescribed by
PLUTO. Such zero-gradient outflow conditions may however lead to an artificial re-collimation of the flow as suggested
by Ustyugova et al. (1999). We have therefore also applied modified outflow conditions that have been suggested by
Porth & Fendt (2010) and have been used previously (Sheikhnezami et al. 2012; Fendt & Sheikhnezami 2013). However,
given the relatively short time scale of our 3D simulations, we did not observe a difference in the collimation degree
and therefore decided, for simplicity, to apply the standard outflow conditions provided by PLUTO in the present
paper.
B. OBSERVED JET SOURCES WITH BINARY SIGNATURE
The typical configuration of a jet-launching star - a magnetized star-disk system - is also found in evolved binary
systems. These sources are known as Low-Mass or High-Mass X-ray Binaries, Cataclysmic Variables, or micro-quasars
(Margon 1984; Fiocchi et al. 2006; Tovmassian et al. 2011). However, only very few jet sources are known for these
cases and for some classes, such as Cataclysmic Variables, the indication for jets is still controversial (Lasota & Soker
2005; Ko¨rding et al. 2011).
In Table B1, the physical parameters of some observed binary systems are collected. For comparison, the parameters
for some close binary systems as e.g. High Mass X-ray Binaries and Cataclysmic Variables binaries are also shown.
Table B1
Examples of binary stars. Displayed are selected observed physical parameters as the mass of the primary Mp, the mass of the secondary
Ms, the binary separation between Ds, and the orbital period Torb. For comparison, parameters for some close binary systems such as
High-Mass X-ray Binaries and Cataclysmic Variables binaries are also shown.
Object Mp Ms Ds Torb
Young Stars (YSOs)
Alpha Centauri 1.1 M 0.907 M 11.4-36.0 AU 79.91± 0.011 yrs
61 Cygni A 0.7 M 0.63 M 44-124 AU 678± 34 yrs
RW Aur A 1.3 1.4 M 0.7 0.9M 170 AU > 700 yrs
T Tau Mp +Ms = 5.3M 7-15 AU 38.8 yrs
HK Tau ? ? 386AU
Cataclysmic Variables (CVs)
BV Cen 0.83M 0.90M 0.611 days
Hu Aqr 0.95M 0.15M 0.08682 days
High Mass X-ray Binaries (HMXBs)
Vela X-1 Ns Super giant 8,96 days
Cyg X-1 BH Candidate Super giant 5.60 days
SS 433 BH or Ns Super giant 13.1 days
9 It does not - unlike for the cited literature - work for the inner
part of the disk. The reason is that we consider the launching
problem and have to take care of the advection of material across
the inner boundary. This inner boundary is particularly essential
for the accretion process in the disk.
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Figure C1. Shown are the two dimensional slices done for the mass density distribution, in the x − y plane for bcase1 at different
dynamical times.
C. DISK EVOLUTION OF BINARY STAR-DISK-JET SYSTEM BCASE1
For comparison, we show in Figure C1 2D slices of the density distribution in the x-y plane (initial disk mid-plane)
for simulation run bcase1 at different times.
Compared to the evolution of bcase2, as shown in Figure 12, it looks that the density perturbations are more
prominent in bcase1. As we discussed above, one possible cause for these fluctuations may be the development of the
magneto-rotational instability in these outer parts of the disk. Since the magnetic diffusivity plays a major role for
the onset of the MRI, it is worth to emphasize, that the magnetic diffusivity prescription is different in both cases. In
bcase1 the diffusivity is confined to the disk area, while in bcase2 a background diffusivity was defined for the whole
grid. However, it seems that other physical effects such as magnetic field strength or even tidal forces should also affect
the existence of the fluctuations.
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